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Objective: Clinically, radiographic joint space narrowing (JSN) is regarded a surrogate of cartilage loss in
osteoarthritis (OA). Using magnetic resonance imaging (MRI), we explored the magnitude and regional
distribution of differences in cartilage thickness and subchondral bone area associated with speciﬁc
Osteoarthritis Research Society International (OARSI) JSN grades.
Method: Seventy-three participants with unilateral medial JSN were selected from the ﬁrst half (2678
cases) of the OA Initiative cohort (45, 21, and 7 with OARSI JSN grades 1, 2, and 3, respectively, no medial
JSN in the contra-lateral knee). Bilateral sagittal baseline DESSwe MRIs were segmented by experienced
operators. Intra-person between-knee differences in cartilage thickness and subchondral bone areas
were determined in medial femorotibial subregions.
Results: Knees with medial OARSI JSN grades 1, 2, and 3 displayed a 190 mm (5.2%), 630 mm (18%), and
1560 mm (44%) smaller cartilage thickness in weight-bearing medial femorotibial compartments
compared to knees without JSN, respectively. The weight-bearing femoral condyle displayed relatively
greater differences than the posterior femoral condyle or the medial tibia (MT). The central subregion
within the weight-bearing medial femur (cMF) of the femoral condyle (30e75), and the external and
central subregions within the tibia displayed relatively greater JSN-associated differences compared to
other medial femorotibial subregions. Knees with higher JSN grades also displayed larger than contra-
lateral femorotibial subchondral bone areas.
Conclusions: This study provides quantitative estimates of JSN-related cartilage loss, with the central part
of the weight-bearing femoral condyle being most strongly affected. Knees with higher JSN grades
displayed larger subchondral bone areas, suggesting that an increase in subchondral bone area occurs in
advanced OA.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
From a clinical and research perspective, radiographic joint
space narrowing (JSN) is often used as a surrogate of disease status
and progression in osteoarthritis (OA). It is assumed that increasing: Felix Eckstein, Institute of
ergasse 21, A5020 Salzburg,
002-1249.
in).
s Research Society International. Pfemorotibial JSN reﬂects cartilage loss in knee OA1e3. Yet, it is
known that radiography has technical limitations4,5 and that
meniscal pathology, particularlymeniscal subluxation, is associated
with JSN independently of structural changes in the articular
cartilage6e8. While it is well known that higher JSN grades are
associated with greater cartilage loss, the actual magnitudes of
cartilage thickness differences associated with speciﬁc JSN grades,
and whether these affect certain femorotibial subregions more
markedly than others is not known.
A cross-sectional study using magnetic resonance imaging
(MRI) in a sample of 372 participants9 reported that knees withublished by Elsevier Ltd. All rights reserved.
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smaller medial and lateral tibia cartilage volume than those
without JSN, but displayed no difference in tibial subchondral bone
size. However, since women have thinner cartilage than men10,
the uneven distribution of gender among study groups in this
sample may have confounded the results. A more recent cross-
sectional analysis in women with Kellgren Lawrence (KL) grade
0 (healthy controls), grade 2 (osteophytes and no-JSN), and grade 3
(osteophytes and JSN) reported signiﬁcantly thinner cartilage in the
weight-bearing medial femoral, but not in the tibial cartilage of KL
grade 3 compared with healthy participants, before and after
adjusting for differences in body height11. The medial femorotibial
subchondral bone areas were signiﬁcantly larger in KL grades 2 and
3 than in healthy control participants. However, there were
substantial differences in body mass index (BMI) between the OA
and healthy participants, which may have confounded the results
because of a positive correlation of cartilage thickness with BMI.
Generally, cross-sectional studies comparing different OA sub-
cohorts suffer from large inter-subject variability of cartilage
thickness and bone areas12,13, thus, making it difﬁcult to interpret
reported differences between groups of participants and rendering
these relatively insensitive. Also, potential confounders related to
cartilage thickness and subchondral bone area, such as sex, body
height and weight10,14 are difﬁcult to control adequately, further
limiting interpretations. A superior approach for studying the
association between radiographic JSN grade and cartilage thickness
would be to follow participants longitudinally, before and after they
have developed JSN, with each knee serving as its own control.
Given the slow rate of progression of OA, however, this approach is
challenging. An alternative strategy would be to compare OA
participants with unilateral JSN such that one knee displays JSN
(i.e., JSN knee) while the contra-lateral knee does not (i.e., no-JSN
knee). This approach is more powerful than a comparison between
participants, since intra-subject variability of knee cartilage thick-
ness in healthy subjects measured by MRI is substantially less than
the inter-subject variability15. The current study is the ﬁrst one to
take this particular (within-person, between-contra-lateral knee
comparison) approach, with MRI being the ideal method for
investigating the potential relationship of radiographic JSN with
cartilage thickness and the size of the subchondral bone area, as it
has been thoroughly validated for quantitative cartilage measure-
ments in vivo16e20. Tibial bone area expansion (i.e., increases in the
size of tAB) has been suggested to be a primary event in OA, to be
associated with risk factors of OA progression and cartilage defects,
and to represent an important target for the prevention cartilage
loss and joint replacement21.
The objective of this exploratory and descriptive study was to
estimate the magnitude of cartilage thickness differences and
differences in subchondral bone area associated with each of the
Osteoarthritis Research Society International (OARSI) JSN grades
1e32,3 by comparing MR images of JSN and no-JSN knees in partic-
ipants with unilateral medial JSN. Subregional analysis
approaches22,23 were used to characterize the regional pattern of
JSN-related cartilage loss, i.e., to identify whether any anatomical
subregions were more markedly affected than others.
Methods
The subsample studied was drawn from the ﬁrst half (2678
cases) of the OA Initiative (OAI) cohort (public-use data sets 0.2.1 for
the clinical data and 0.C.1 for the imaging data, www.oai.ucsf.edu).
Participants in the OAI cohort are between 45 and 79 years old,
stratiﬁed by gender and span across a diversity of ethnic back-
grounds. Participants with rheumatoid or other inﬂammatory
arthritis, bilateral end stage knee OA, inability to walk without aids,or 3 Tesla MRI contra-indications were excluded from the OAI
cohort. The target population for the current study was a selection
of participants fulﬁlling the following criteria: BMI> 25, pain on
most days (or at least occasionally) in the past 12 months; OARSI
grades 1, 2 or 32,3 in the medial compartment of one knee (mJSN)
and no-mJSN (grade 0) in the contra-lateral knee; no lateral JSN or
alternatively a lower grade of lateral JSN than mJSN in any knee.
Longitudinal data in this samplewere previously reported, with the
participants displaying a similar distribution of sex and age as
the entire OAI cohort24.
Adjudicated central X-ray readings from ﬁxed ﬂexion radio-
graphs25,26 performed at Boston University on 160 cases from the
public-use data set 0.1.127 were used to identify 19 participants who
fulﬁlled the criteria above. An additional 54 cases were selected
from the 2678 cases of the ﬁrst half of the OAI cohort (public-use
data sets 0.1.1, excluding the 19 previously selected) based on
radiographic readings performed for recruitment purposes at the
four clinical OAI sites; conﬁrmation of the selection criteria for this
study was performed by an experienced musculoskeletal radiolo-
gist (AG). In case of disagreement between the site and the
study-speciﬁc readings (AG), readings were adjudicated by a rheu-
matologist (DH) and participants were only included if the inclu-
sion criteria were met based on both the site readings and on the
study-speciﬁc central readings (performed by AG and DH). Finally,
a total of 73 participants (2.7% of the ﬁrst half of the OAI cohort) met
the inclusion criteria.
For the OAI, baseline MRI of both knees were acquired at four
imaging sites with 3 Tesla MRI systems (Siemens Magnetom Trio,
Erlangen, Germany), quadrature transmitereceive knee coils (USA
Instruments, Aurora, OH), and a sagittal double echo at steady state
sequence with water excitation (Fig. 1; DESSwe: 160 slices; 0.7 mm
slice thickness, in-plane resolution 0.37 mm 0.46 mm interpo-
lated to 0.37 mm 0.37 mm; 140 mm ﬁeld of view; 512 512
matrix; repetition time 16.3 ms, echo time 4.7 ms, ﬂip angle
25)16,24. The sagittal DESS has been shown16 to produce cartilage
thickness data consistent with that of previously validated spoiled
gradient recalled (SPGR) sequences with water excitation or fat
suppression19,20, and to display a similar testeretest precision
(reproducibility)16,28,29 as these previously validated imaging
protocols. Additional details on the MRI protocol and Quality
Assurance (QA) procedures were recently published30,31. The OAI
study protocol, amendments, and informed consent documentation
were reviewed and approved by local institutional review boards.
Images were shipped from the OAI coordinating center to the
image analysis center (Chondrometrics GmbH, Ainring, Germany)
using hard drives and were quality controlled for segmentation
purposes. Paired images of JSN and no-JSN knees were analyzed by
seven readers, each with more than 3 years experience in cartilage
segmentation and with previous experience in segmenting sagittal
DESS images from the OAI pilot studies16,28,29. The readers were
blinded to JSN status of the knees. Manual segmentation of the
cartilage surface and of the bone cartilage interface of the medial
tibia (MT) and entire medial femoral condyle (MF) was performed
using speciﬁc segmentation software (Chondrometrics GmbH,
Ainring, Germany). All segmentations were quality controlled by
a single reader, (Dr. Susanne Maschek).
The mean cartilage thickness over the entire subchondral bone
area (ThCtAB) and the total subchondral bone area (tAB) were
computed after segmentation, including denuded areas of sub-
chondral bone with zero millimeter cartilage thickness32. To deﬁne
the appropriate femoral regions of interest and separate the MF
from the femoral trochlea, the operators ﬁrst marked a vector
running parallel to the femoral shaft and through the most poste-
rior point of the trochlear notch [Fig. 1(a)]16. In a next step, they
marked the most posterior points of the medial (and lateral)
Fig. 1. Sagittal DESS images with water excitation showing. a. The vector running
parallel to the femoral shaft and through the most posterior point of the trochlear
notch (line with small white dashes). b. The plane separating the central, weight-
bearing part of the medial femoral condyle [cMF] and the posterior medial femoral
condyle (pMF). The line with small white dashes shows the transition between the
femoral trochlea and the femoral condyle [MF], as identiﬁed in a central slice (see a).
The line with large white dashes shows the most posterior aspect of the MF. The solid
white line indicates the location where the cMF and the pMF are separated at 75% of
the distance between the two white dashed lines.
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a weight-bearing medial femur (cMF) and a pMF by a plane parallel
to the femoral shaft, cutting through the condyle at 75% of the
distance between the trochlear notch and the posterior ends of
both the medial and lateral femoral condyles24 [Figs. 1(b) and 2(a)].
Both parts of the femoral condyle were then divided into central,
external, and internal subregions, each occupying 33.3% of the tAB
[Fig. 2(a)]22. The MT was divided into ﬁve subregions: central (20%
of the tAB), external, internal, anterior, and posterior [Fig. 2(b)]22.To obtain a single integral measure for the cMF of the medial
femorotibial compartment (MFTC), the cartilage thickness of MT
and cMF were added24,28,29. The same was done for the central
MFTC (cMFTC) by adding cartilage thickness values from the central
subregions of the MT and the medial weight-bearing femoral
condyle, respectively.
To achieve a ﬁner spatial resolution in the anterioreposterior
(AeP) dimension of the femur, the condyle was divided into nine
overlapping AeP subregions [Fig. 2(c)]. Each subregion comprised
30 of the AeP range, with a 15 posterior shift relative to the
previous region [0e30, 15e45, 30e60, etc. up to 120e150;
Fig. 2(c)]23.
To estimate the magnitude of cartilage loss for JSN grades 1e3,
we computed themean and standard deviation of the differences in
ThCtAB (in mm) between the JSN and no-JSN knees for all subre-
gions of interest. The mean difference in thickness was also
expressed in percent by relating the average thickness estimate (in
mm) in each JSN group (1e3) to the average estimate in the no-JSN
group. Z-scores13 were derived by dividing the average difference in
each JSN group by the standard deviation of the no-JSN group. To
explore whether observed differences were statistically signiﬁcant
between the JSN and no-JSN knees, paired t tests were performed
for ThCtAB and tAB values. Due to the relatively large number of
tests for the subregions, false discovery rate (FDR) P-values were
calculated in addition to raw P-values. These P-values address
multiplicity issues by adjusting for the number of tests in a linear
step-up procedure33. FDR P-values were calculated using SAS
software version 9.1.3 PROC MULTTEST (SAS Institute, Cary, NC).
Results
The subsample of 73 participants included 27 men and 46
women aged 60.8 9.1 years [mean SD] with a BMI of
31.2 4.1 kg/m2. All participants had mJSN grade 0 in the no-JSN
knee; 45 had mJSN grade 1 in the contra-lateral knee (20 men, 25
women, age 60.7 8.7 y.), 21 mJSN grade 2 (ﬁve men, 16 women,
60.19.7 y.), and seven mJSN grade 3 (two men, ﬁve women, age
63.410.4 y).
Cartilage thickness in the MFTC was 190 mm (5.2%,
Z-score¼0.35) thinner in the grade 1 knees, 630 mm (18%,
Z-score¼1.2) thinner in the grade 2 knees, and 1560 mm (44%,
Z-score¼3.0) thinner in the grade 3 knees compared with the
contra-lateral grade 0 knees. The differences between mJSN vs
contra-lateral no-mJSN knees for the central subregion of MFTC
(cMFTC) were 460 mm (11%, Z-score¼0.6) for grade 1, 1190 mm
(27%, Z-score¼1.6) for grade 2, and 2430 mm (56%,
Z-score¼3.2) for grade 3 knees, respectively.
The largest differences in the MT were observed in the external
(Z-score up to 4.6) and central (Z-scores up to 2.1) subregions,
and the smallest differences in the internal and anterior subregions
(Table I). In theMF, the greatest difference betweenmJSN vs contra-
lateral no-mJSN knees were observed in the central subregions of
the weight-bearing femoral condyle (cMF: Z-score up to 3.7).
Overall, observed cartilage thickness differences for mJSN 1 vs
mJSN 0 knees were small. Differences in the cMF (Z-scores¼1.5
and 3.2 for mJSN 2 and 3 knees, respectively) were greater than
differences in the MT (Z-scores¼0.6 and 2.0 for mJSN 2 and 3
knees) and greater than in the posterior femur (pMF: Z-score-
s¼0.3 and 1.1 for mJSN 2 and 3 knees) (Table II). When evalu-
ating distinct AeP subregions in the MF, the greatest differences
between mJSN and contra-lateral no-mJSN knees were observed
in regions located between 30 and 75 at the femoral condyle
(Table III, Fig. 3). When analyzingmen andwomen separately in the
mJSN grade 1 group, the observations made above did not differ
principally between both sexes (data not shown).
Fig. 2. a. Subregions of the central, weight bearing part of the medial femoral condyle (cMF) (14) and of the posterior medial femoral condyle (pMF) e view from posterior.
b. Subregions of the medial tibia (MT) (14) e view from superior. c. AeP subregions for the medial femoral condyle (MF) (15) e view from lateral; i¼ internal, c¼ central,
e¼ external, a¼ anterior, p¼ posterior subregion.
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between grade 1 and grade 0 (1.0%, Z-score 0.05) and between
grade 2 and grade 0 knees (þ1.4%, Z-score 0.07), but was consid-
erably larger in grade 3 knees compared to grade 0 knees (þ5.7%,
Z-scoreþ0.29). In the MF, grade 2 (þ4.3%, Z-score þ0.24) and grade
3 mJSN knees (þ9.1%, Z-score þ0.51) displayed considerably larger
tABs than contra-lateral grade 0 knees, but not grade 1 mJSN knees
(þ0.6%, Z-score 0.03).
Discussion
The objective of this study was to estimate the magnitude and
regional distribution of differences in cartilage thickness and sub-
chondral bone area, associated with each of the mJSN grades 1e32,3
observed clinically in radiographic OA. In order to overcome thechallenges related to large inter-subject variability in these
parameters and potential confounders between groups, this study
is the ﬁrst to employ a between-contra-lateral knee, within-person
study design, comparing knees with mJSN and no-mJSN within OA
participants with unilateral mJSN. While it is well known that
higher JSN grades are associated with greater cartilage loss, the
between-knee, intra-person approach is particularly well suited for
quantitatively estimating the magnitude of thickness differences
for particular JSN grades, as it eliminates between-person
confounders, such as age, sex, weight, height, BMI and others.
Applying this study design, we ﬁnd that the intra-person, between-
knee differences become greater with higher JSN grades and that
the weight-bearing femoral cartilage (cMF) displays greater JSN-
related differences than the posterior femoral condyle (pMF) and
MT. This indicates that the pMF may represent a less relevant
Table I
Within-person differences of cartilage thickness (ThCtAB) in the medial tibia (MT) and its anatomical subregions, for knees with medial joint space narrowing (mJSN) grade 1
(n¼ 45), grade 2 (n¼ 21) and grade 3 (n¼ 7) compared to contra-lateral knees with JSN grade 0
Plate OARSI mJSN grade Mean difference [mm] Mean difference [%] SD difference [mm] Z-score P-value (paired t test) FDR P-value
MT JSN 1 70 4.2 210 0.3 0.024 0.047
JSN 2 150 9.1 140 0.6 <0.001 0.003
JSN 3 540 32 340 2.0 0.005 0.012
cMT JSN 1 240 10 350 0.5 <0.001 0.003
JSN 2 370 16 290 0.8 <0.001 0.003
JSN 3 960 42 480 2.1 0.002 0.006
eMT JSN 1 110 7.5 260 0.5 0.006 0.014
JSN 2 340 23 330 1.6 <0.001 0.003
JSN 3 970 67 430 4.6 0.001 0.003
iMT JSN 1 þ40 þ1.9 340 þ0.1 0.480 0.581
JSN 2 30 1.7 210 0.1 0.502 0.597
JSN 3 240 13 260 0.6 0.050 0.088
aMT JSN 1 70 4.8 230 0.3 0.046 0.084
JSN 2 90 6.0 200 0.4 0.051 0.088
JSN 3 260 17 270 1.1 0.043 0.080
pMT JSN 1 þ20 þ1.0 180 þ0.1 0.579 0.644
JSN 2 1 0.1 190 0.0 0.972 0.972
JSN 3 440 31 580 1.8 0.092 0.144
SD difference¼ standard deviation of the differences between mJSN and no-mJSN knees; Z-score¼ cartilage thickness difference between JSN and no-JSN knees expressed in
number of standard deviations of cartilage thickness in the 73 no-JSN knees; cMT¼ central MT, eMT¼ external MT, iMT¼ internal MT, aMT¼ anterior MT, pMT¼ posterior
MT; negative values imply a smaller cartilage thickness compared with contra-lateral no-JSN knees.
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cMF. Speciﬁc subregions (central cMF, external and central MT)
showed the greatest cartilage thickness differences by JSN grade
and were more strongly affected than other subregions in the
MFTC, suggesting that these subregions may be preferentially
affected by JSN-related cartilage loss in knee OA. Knees with higher
JSN grades also displayed substantially larger femorotibial
subchondral bone areas, suggesting that enlargement of theTable II
Within-person differences of cartilage thickness (ThCtAB) in the medial femoral condyl
(mJSN) grade 1 (n¼ 45), grade 2 (n¼ 21) and grade 3 (n¼ 7) compared to contra-lateral
Plate OARSI mJSN grade Mean difference [mm] Mean difference [%]
cMF JSN 1 120 6.2
JSN 2 470 25
JSN 3 1020 55
ccMF JSN 1 230 11
JSN 2 820 40
JSN 3 1470 71
ecMF JSN 1 40 2.7
JSN 2 260 19
JSN 3 780 56
icMF JSN 1 90 4.1
JSN 2 360 17
JSN 3 870 41
pMF JSN 1 20 0.9
JSN 2 90 4.9
JSN 3 290 16
cpMF JSN 1 50 2.5
JSN 2 180 9.0
JSN 3 400 20
epMF JSN 1 þ20 þ1.5
JSN 2 þ20 þ1.1
JSN 3 230 14
ipMF JSN 1 2 0.1
JSN 2 70 3.8
JSN 3 210 12
SD difference¼ standard deviation of the differences between mJSN and no-mJSN knees;
number of standard deviations of cartilage thickness in the 73 no-JSN knees; ccMF/cpMF¼
negative values imply a smaller cartilage thickness compared with contra-lateral no-JSNsubchondral bone area may occur at the later stages of radio-
graphic OA.
Between-knee differences in cartilage thickness and sub-
chondral bone areas among health subjects were shown to be
substantially smaller than the inter-subject variability of these
parameters15. Therefore, quantitative estimates of within-person,
between-contra-lateral knee comparisons of cartilage thickness
and subchondral bone areas should be more reliable than thosee (MF) and its anatomical subregions, for knees with medial joint space narrowing
knees with JSN grade 0
SD difference [mm] Z-score P-value (paired t test) FDR P-value
270 0.4 0.007 0.016
270 1.5 <0.001 0.003
210 3.2 <0.001 0.003
370 0.6 <0.001 0.003
460 2.0 <0.001 0.003
410 3.7 <0.001 0.003
280 0.1 0.375 0.488
420 1.0 0.009 0.019
280 3.1 <0.001 0.003
390 0.2 0.153 0.230
320 0.9 <0.001 0.003
360 2.1 0.001 0.003
190 0.1 0.541 0.614
210 0.3 0.070 0.012
500 1.1 0.173 0.249
270 0.2 0.218 0.307
240 0.6 0.003 0.008
560 1.3 0.104 0.160
230 þ0.1 0.477 0.581
390 þ0.1 0.837 0.902
630 0.9 0.365 0.484
210 0.0 0.938 0.957
170 0.2 0.081 0.130
520 0.7 0.329 0.454
Z-score¼ cartilage thickness difference between JSN and no-JSN knees expressed in
central cMF/pMF, ecMF/epMF¼ external cMF/pMF, icMF/ipMF¼ internal cMF/pMF;
knees.
Table III
Within-person differences of cartilage thickness (ThCtAB) in the AeP subregions of the medial femoral condyle (MF) for knees withmedial joint space narrowing (mJSN) grade
1 (n¼ 45), grade 2 (n¼ 21) and grade 3 (n¼ 7) compared to contra-lateral knees with JSN grade 0
Plate OARSI mJSN grade Mean difference [mm] Mean difference [%] SD difference [mm] Z-score P-value (paired t test) FDR P-value
0e30 JSN 1 100 5.5 290 0.3 0.025 0.048
JSN 2 440 24 370 1.3 <0.001 0.003
JSN 3 970 53 260 2.9 <0.001 0.003
15e45 JSN 1 120 6.6 280 0.4 0.006 0.014
JSN 2 450 25 310 1.4 <0.001 0.003
JSN 3 1025 56 220 3.2 <0.001 0.003
30e60 JSN 1 140 7.5 290 0.4 0.003 0.008
JSN 2 480 26 290 1.5 <0.001 0.003
JSN 3 1070 58 190 3.3 <0.001 0.003
45e75 JSN 1 20 8.1 320 0.5 0.002 0.006
JSN 2 500 26 320 1.5 <0.001 0.003
JSN 3 1080 57 260 3.2 <0.001 0.003
60e90 JSN 1 130 6.5 300 0.4 0.008 0.017
JSN 2 380 20 320 1.2 <0.001 0.003
JSN 3 850 44 420 2.6 0.002 0.006
75e105 JSN 1 60 2.9 260 0.2 0.170 0.249
JSN 2 200 11 340 0.6 0.015 0.030
JSN 3 480 25 550 1.5 0.062 0.104
90e120 JSN 1 þ10 þ0.3 270 þ0.0 0.883 0.937
JSN 2 50 2.7 340 0.2 0.511 0.598
JSN 3 240 13 630 0.8 0.352 0.476
105e135 JSN 1 þ30 þ1.8 290 þ0.1 0.431 0.541
JSN 2 þ40 þ2.1 290 þ0.1 0.543 0.614
JSN 3 110 5.7 680 0.3 0.695 0.761
120e150 JSN 1 þ30 þ1.9 260 þ0.1 0.388 0.496
JSN 2 10 0.3 250 0.0 0.916 0.957
JSN 3 þ20 þ0.9 560 þ0.1 0.943 0.957
SD difference¼ standard deviation of the differences between mJSN and no-mJSN knees; Z-score¼ cartilage thickness difference between JSN and no-JSN knees expressed in
number of standard deviations of cartilage thickness in the 73 no-JSN knees [for the AeP subregions please see Fig. 2(c)]; negative values imply a smaller cartilage thickness
compared with contra-lateral no-JSN knees.
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from differences in age, sex, weight, height, BMI or others, inherent
to between-person analyses, could be controlled more effectively
using the within-person design than otherwise possible in
comparisons between subcohorts. This does not exclude potential
confounding from differences at the knee level (e.g., ligament and
meniscus status, trauma history, etc.); given the interest to deter-
mine structural differences associated with radiographic JSN
grades, however, the current analysis provides a more robust esti-
mate of JSN-related differences in cartilage thickness andFig. 3. Meanwithin-person differences of cartilage thickness (ThCtAB in mm) of the medial f
with medial joint space narrowing (mJSN) grade 1 (n¼ 45), grade 2 (n¼ 21) and grade 3 (nsubchondral bone area than estimates derived from previous cross-
sectional between-subject studies9,11.
Previous cross-sectional studies reported signiﬁcantly lower
MRI-based cartilage volume or thickness values in knees with JSN
than those without9, or in those with KL grade 3 compared to KL
grade 011. These estimates, however, were not speciﬁc to JSN grades
and may have suffered from confounding of between-person
comparisons. The current study shows that JSN grade 1 is associ-
ated with approximately 5% difference in weight-bearing femo-
rotibial cartilage thickness, and that the magnitude of thicknessemoral condyle (MF) and in each of the overlapping AeP subregions of the MF for knees
¼ 7), compared to contra-lateral knees with JSN grade 0 [for subregions also Fig. 2(c)].
F. Eckstein et al. / Osteoarthritis and Cartilage 18 (2010) 760e768766difference increases with JSN grade 2 (about 20%) and grade 3
(about 40%). With regard to preferentially affected subregions in
the cartilage plates, results from this study are consistent with
a previous study in women with and without radiographic OA11.
The femorotibial subregions that were identiﬁed as being most
strongly affected by JSN-related cartilage thickness differences in
the current paper (ccMF, eMT, cMT) also agree with those that have
been described to display the greatest longitudinal changes in
femorotibial OA in a meta-analysis of three longitudinal studies34.
With regard to the AeP (femoral) subregions, the results show that
the posterior aspect of the weight-bearing femoral condyle
(cMF: 30e75), but not the posterior aspect of the condyle (pMF) is
most strongly affected. This is in agreement with longitudinal
changes in the MF23 and supports previous ﬁndings that JSN is
more severe when knees are ﬂexed to 20e3035e39. However, it has
to be kept in mind that the current results may be speciﬁc to the
selection of knees based on JSN in ﬁxed ﬂexion radiographs,
whereas use of another radiographic technique that applies greater
ﬂexion during imaging (i.e., the tunnel view) would have selected
knees with somewhat more posterior JSN-related cartilage loss,
and a radiographic technique applying less ﬂexion (i.e., extended
knee radiographs) selected knees with more anterior JSN-related
cartilage loss.
The current paper focused on the relationship between
clinically observed JSN grades and both the magnitude and
spatial distribution of actual “quantitative” femorotibial carti-
lage loss. The relatively large standard deviation of the side
differences observed highlights previous observations that JSN is
not exclusively related to quantitative cartilage loss, but is also
inﬂuenced by other factors, including technical limitations of
radiography (i.e., variable alignment of the tibia with the X-ray
beam)4,5, meniscus extrusion6e8, weight-bearing conditions
with X-rays but non-weight-bearing conditions with MRI, and
others. A recent paper addressed the speciﬁc relationship of
minimum joint space width (mJSW in weight-bearing Lyon
Schuss view) with (sub) regional femorotibial cartilage thickness
and meniscal position (medial and posterior subluxation) in
non-weight-bearing MRI40. The authors reported that, across OA
and non-OA participants with different stages of radiographic
disease, two thirds of the variation in mJSW was explained
by regional femorotibial cartilage thickness measures, KL
grade, and meniscal coverage40. The MT cartilage thickness
measures and the central subregion of the weight-bearing
medial femur (ccMF) played a consistent role in the variations in
mJSW observed across all KL grades; ccMF cartilage and percent
meniscal coverage best explained the differences in mJSW found
between those subjects with deﬁnite JSN and those without40.
These ﬁndings are consistent with our current observation that
cMF (and particularly ccMF) display larger JSN-related differ-
ences (Z-scores) than MT and its subregions.
In the current paper, quantitative differences in cartilage
thickness were computed between-contra-lateral knees to quan-
titatively estimate the cartilage thickness loss related to speciﬁc
JSN grades. In this context, it must be kept in mind that radio-
graphic JSN was measured from weight-bearing radiographs,
while MRI was acquired in the supine, non-weight-bearing posi-
tion. The quantitative MRI-based cartilage parameters might
therefore possibly change when being also acquired under weight-
bearing conditions. Although the spatial (in-plane) resolution of
the sagittal DESSwe sequence was 310 mm 460 mm, smaller side
differences of mean cartilage thickness were reported, because
these were averaged over several participants and many thousand
thickness measurements in each knee. Given an average size of the
tAB of 11.1 cm2 for MT and 17.2 cm2 for MF, the mean thickness
value for each subregion (ﬁve in MT and nine in MF) relied onapproximately 2000 measurements per person. Nevertheless,
thickness differences between knees were only reported to the
nearest 10 mm.
A limitation of this study is its relatively small sample size,
especially for knees with OARSI mJSN grade 3. However, there are
few OA subjects who fulﬁlled the inclusion criteria for this study
(mJSN in one knee, no-mJSN in the contra-lateral knee, and no [or
less than medial] lateral JSN in either knee), and the cases were
selected from a large cohort (ﬁrst half of the OAI; n¼ 2678). Cases
exhibiting mJSN grade 0 in one and OARSI mJSN grade 3 in the
contra-lateral knee are relatively rare (only 6.3% of those in the OAI
cohort that exhibit deﬁnite radiographic OA in at least one knee),
and subjects with such large side difference in mJSN may have
a different OA patho-physiology, including post-traumatic OA,
previous knee surgery or previous infection. This difference in OA
patho-physiology may have potential implications on the spatial
distribution of cartilage thickness differences observed, but the
“spatial pattern” of relative side differences in cartilage thickness
was similar for this group and that with mJSN grade 2.
Previous studies reported contradictory information regarding
whether subchondral bone areas are larger in participants with
radiographic JSN than in those without9,11 and were not speciﬁc to
JSN grade. Longitudinal studies reported an increase in subchondral
bone area with time, but the observations were made both in OA
participants41,42 and in healthy subjects42,43. Therefore, previous
studies were not conclusive on whether the increase in sub-
chondral bone area observed longitudinally was speciﬁc to OA, or
simply a function of the aging process. The results of the current
study suggest that lower JSN grades (speciﬁcally grade 1) are not
associated with increases in subchondral bone size, but higher JSN
grades (grade 3 in the tibia, and grades 2 and 3 in the femur) are.
These ﬁndings suggest that an increase in subchondral bone area
occurs in advanced radiographic OA.
In conclusion, this study provides quantitative estimates of
differences in cartilage thickness associated with speciﬁc medial
radiographic JSN grades 1e3. JSN grade 1 was associated with small
(Z-scores up to 0.6 only) between-knee differences in mJSN vs
no-JSN knees in cartilage thickness and no differences in sub-
chondral bone area. Higher JSN grades were found to be associated
with larger cartilage thickness differences, and with substantially
larger subchondral bone areas than contra-lateral knees without
JSN, suggesting that enlargement of subchondral bone occurs in
advanced OA. Within the MFTC, the weight-bearing femoral
condyle (cMF) displayed relatively greater JSN-related differences
than the MT and posterior femoral condyle (pMF). Speciﬁc subre-
gions (central cMF, external and central MT) showed the greatest
differences between JSN and no-JSN knees and were more strongly
affected than other subregions in the MFTC.
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